Introduction
============

Amyotrophic lateral sclerosis (ALS) is the most common adult motor neuron disease with a lifetime risk of approximately 1 in 2000 (Bruijn et al., [@B6]). Yet, the etiology of 90--95% of all ALS cases remains unknown. It is reported in the literature an 80% mortality rate within 5 years of symptom onset (del Aguila et al., [@B13]). One of the most notable features of ALS is its rapid development of motor impairments. ALS progresses from initial muscle weakness to complete loss of muscle function resulting in death from respiratory failure. Disease progression is associated with dysfunction of both upper and lower motor neurons; however, it is unclear as to which are more directly affected (van der Graaff et al., [@B43]). Seeley et al. ([@B37]) have shown a direct and potentially unique correlation between disease and affected brain networks, and thus suggest that disease state can be characterized by quantitative descriptors of network metrics such as functional connectivity.

Resting-state functional connectivity magnetic resonance imaging (fcMRI) is a useful method for assessing neural-network connectivity (Biswal et al., [@B4]). It has been widely used to examine clinical populations, and is currently a method of interest in determining disease-specific neural biomarkers (Grady et al., [@B17]; Lowe et al., [@B26]; Koshino et al., [@B22]; Cao et al., [@B7]; Cherkassky et al., [@B10]; Tian et al., [@B41]; Waites et al., [@B44]; Wang et al., [@B45],[@B46]; Greicius et al., [@B18]; He et al., [@B19]; Welsh et al., [@B47]; Monk et al., [@B30]). Additionally, resting-state fcMRI eliminates the interpretation of task effort or demand, which can pose limitations on task-based fMRI studies. This is partly because resting-state fcMRI does not require patients to engage in any specific task (such as motor movements), which may confound BOLD signal interpretation as a result of task difficulty effects.

Ten prominent resting-state networks have been previously identified (Damoiseaux et al., [@B12]). Mohammadi et al. ([@B29]) examined five of these, including the default mode, sensorimotor, parietal--temporo-frontal, posterior, and ventral networks, using independent component analysis (ICA) in patients with ALS. Of relevance to the present study, sensorimotor network differences were observed, showing decreased functional connectivity in the premotor cortex. These authors (Mohammadi et al., [@B29]) examined whole-brain voxel-wise effects. In the current study a seed-based analysis was used to examine more subtle and systemic changes that might occur in the network involving M1 connections.

The primary goal of the current study was to investigate coupling of interhemispheric low frequency BOLD signal fluctuations in the primary motor cortices (M1) using fcMRI during rest in patients with ALS. This structure within the sensorimotor network was of interest for several reasons. First, it is well established that interhemispheric connections between M1 exist. Even during rest it has been demonstrated that the left and right motor cortices exhibit temporally correlated BOLD signal fluctuations (Biswal et al., [@B3]). Second, M1 is a large and somatotopically organized structure (Penfield and Boldrey, [@B34]). By examining the entire M1 we might be more sensitive to localize changes related to symptom presentation. Last, seminal work (Lawyer and Netsky, [@B24]; Smith, [@B39]; Brownell et al., [@B5]) described postmortem precentral gyrus nerve fiber degeneration in ALS, which suggests this deterioration occurs during the natural disease process. Therefore we hypothesized that a systemic decrease in functional connectivity across hemispheres would be observed. Specifically, we expected that the precentral gyri would show overall less correlated interhemispheric time-series fluctuations in the ALS group compared to controls.

In the present study, a parceling technique was employed that segmented the primary motor cortices into multiple regions of interest (ROIs). This was done to better delineate changes that might exist along the entire motor strip, thus increasing analysis sensitivity to discretely localized regions of this cortex. This investigation focused on the analysis of limb-only onset ALS patients to control for any potential differences in disease progression between limb and bulbar onset patients. Limb-onset ALS is most common, with the affected limb becoming progressively weaker as the disorder spreads to nearby myotomes. Finally, to identify whether systemic changes occur in M1 prior to moderate-severe symptom presentation, high-functioning and/or early disease stage patients were recruited.

Materials and Methods
=====================

Participants and behavioral data
--------------------------------

All ALS participants were recruited through the Department of Neurology, were diagnosed by a neuromuscular physician using the El Escorial criteria, and were followed in the Motor Neuron Disease Clinic at the University of Michigan. Healthy controls were recruited from the surrounding area through community advertisements (flyers and web-pages). All participants gave written consent to participate and the Institutional Review Board (IRB) at the University of Michigan approved this study. Twenty patients with limb-onset ALS (13 males, mean age 58.3 years) within 24 months of symptom onset, and 20 sex-matched healthy volunteers (13 males, mean age 57.5 years) were recruited to participate in this study. Participants between groups were matched as best as possible to age.

Several measurements of behavioral and cognitive functioning were taken prior to each participant\'s scanning session. Physical ability of ALS patients was assessed using the ALS functional rating scale, revised version (ALSFRS-r; Cedarbaum and Stambler, [@B8]). The ALSFRS-r is a validated rating instrument of ALS patients' functional abilities and has been demonstrated to correlate with physiological measures of the disease (Cedarbaum and Stambler, [@B8]). The ALSFRS-r instrument is comprised of 12 questions, each measuring the level of impairment for different behaviors, such as handwriting and walking. Each question is scored between four and zero points based on ability level, with a maximum total score of 48 points. The ALS cognitive behavioral screen (ALS-CBS; Woolley-Levine, [@B48]) was administered to assess general cognitive functioning. Because the CBS was not incorporated until after project initiation, 10 ALS patients and no healthy volunteers were tested. Hand dominance was determined by the Edinburgh Inventory (Oldfield, [@B32]), and hand strength was measured with a hand-grip dynamometer. The mean of three trials with the dynamometer per right and left hand were calculated to determine each participant\'s hand strength. These measures are presented in Tables [1](#T1){ref-type="table"} and [2](#T2){ref-type="table"}.

###### 

**Group average (mean) demographic information for ALS patients and healthy participants**. Range for age, hand strength, ALSFRS-r and CBS scores, and months since onset are also presented. Handedness is based on the Edinburgh Inventory (Oldfield, [@B32]).

  Subject           Age (years)      Gender          Dominant hand   Dominant H.S.(kg)      Non-dominant H.S.(kg)   ALSFRS-r        CBS            M.S.O.
  ----------------- ---------------- --------------- --------------- ---------------------- ----------------------- --------------- -------------- ---------------
  ALS (*n* = 20),   58.35 (46--67)   *n* = 13M, 7F   *n* = 15R, 5L   20.60 (0--50.75)       11.94 (0--42.42)        39.6 (29--46)   13.1 (7--19)   17.25 (8--24)
  HC (*n* = 20),    57.51 (47--64)   *n* = 13M, 7F   *n* = 19R, 1L   32.99 (11.21--62.12)   30.62 (8.33--54.84)     NA              NA             NA

*H.S., hand strength; CBS, cognitive behavioral screening test; ALSFRS-r, ALS functional rating scale, revised version; M.S.O., months between symptom onset and testing date*.

###### 

**Individual ALS patient demographic information**.

  ALS subject   Age (months)   Gender   Dominant hand   Onset location          H.S.D. (kg)   ALSFRS-r   CBS   M.S.O.   ALSFRS-r \#4   ALSFRS-r \#8
  ------------- -------------- -------- --------------- ----------------------- ------------- ---------- ----- -------- -------------- --------------
  1             708            M        R               Hands                   19.33         43         NA    08       3              3
  2             576            F        L\*             Right upper extremity   19.83         42         NA    23       1              4
  3             709            F        R               Left upper extremity    25.16         39         NA    22       3              3
  4             649            M        R               Hands                   18.34         43         NA    18       3              4
  5             721            F        L\*             Right upper extremity   19.00         44         NA    24       3              4
  6             553            M        R               Right leg               12.67         39         NA    21       3              2
  7             780            F        R               Hands                   0.06          29         NA    12       2              2
  8             721            M        R               Left foot               14.39         46         NA    23       4              3
  9             673            F        R               Left foot               2.27          33         NA    10       3              2
  10            708            M        R               Hands                   1.21          39         7     12       3              4
  11            600            M        L               Left foot               3.04          43         17    21       3              3
  12            757            M        L               Hands                   1.82          38         NA    17       3              2
  13            732            F        R               All four limbs          10.06         42         9     12       4              3
  14            661            M        R               Right hand              9.09          43         19    14       3              4
  15            780            F        R               Left leg                7.42          33         15    18       3              2
  16            804            M        R               Legs                    3.00          40         7     11       4              2
  17            624            M        R               Left upper extremity    12.87         31         13    12       3              2
  18            778            M        R               Right leg               0.00          45         15    23       4              2
  19            699            M        R               Right Hand              10.06         46         17    23       4              4
  20            765            M        L\*             Upper extremities       0.00          33         12    21       3              4

*H.S.D., hand strength disparity; CBS, cognitive behavioral screening test; ALSFRS-r, ALS functional rating scale, revised version; M.S.O., months between symptom onset and testing date; ALSFRS-r \#8, question number 8 on the questionnaire, which pertains to ambulation; ALSFRS-r \#4, question number 4 on the questionnaire, which pertains to handwriting. Maximum score for these questions is 4 and minimum is 0. \*Patients 2, 5, and 20 reported right hand dominance before symptom onset, however they were restricted to using the left hand due to weakness in their right hand at the time of their scan. These patients were considered as left handed based on results from the Edinburgh Inventory (Oldfield, [@B32])*.

A goal of our study was to examine neural changes in high-functioning patients that may take place in the early disease stage of ALS. Currently there are no standardized criteria to define disease stage. Therefore we defined our high-functioning ALS subjects as early in his or her disease course such that patients were within 24 months of symptom onset at the time of their scan. In addition, only patients who were ambulatory, without hemiplegia, were able to write, had a negative psychiatric evaluation, did not have dysphasia or breathing problems and were not on a ventilator, and were without other complicating mental disorders or disease were only included in the study.

Image acquisition
-----------------

All scanning was performed at the University of Michigan\'s Functional MRI Laboratory on a GE 3T Excite 2 (General Electric, Milwaukee, WI, USA). During each participant\'s session, medium-resolution spin-echo, and high-resolution spoiled-gradient recall (SPGR) anatomic images (T~1~-Overlay and T~1~-SPGR respectively) were collected in the axial plane. $T_{2}^{\ast}$ time-series data were acquired in the axial plane (aligned to the anterior--posterior commissure) using a reverse-spiral k-space readout. A total of 180 $T_{2}^{\ast}$-weighted volumes were collected for each participant during each scanning session (repetition time TR = 2 s, 40-slice volumes at 3 mm slice thickness and no skip, echo-time TE = 30 ms, 64 × 64 matrix, field-of-view, FOV = 220 mm). Four $T_{2}^{\ast}$ volumes at the beginning of each time-series acquisition were excited but not recorded in order to achieve thermal equilibrium of magnetization. In addition, physiological recording took place during the scanning session (cardiac and respiratory cycles) using a MRI vendor supplied pulse oximeter and respiratory belt. These data were collected in order to correct for cardiac and respiratory influence on the resting-state signal. Medium-resolution anatomic images (T~1~-Overlay) were acquired in the same-slice locations as the $T_{2}^{\ast}$ volumes, however at a higher in-plane resolution (256 × 256 matrix, 220 mm FOV). The T~1~-SPGR high-resolution images were collected with a 256 × 256 matrix, 220 mm FOV, and with 1.2 mm slice thickness.

Resting-state task
------------------

Resting-state activity was collected over a period of 8 min for each scanning session. During this time, participants were instructed to view a white crosshair fixed on a black background. This image was projected onto a screen at the head of the scanner bore and viewed with a back-projected mirror, placed on the head coil. Participants were asked to keep their eyes open and to not think about anything in particular to elicit resting-state metabolism (Fox et al., [@B14]).

fcMRI preprocessing
-------------------

In order to reduce noise and artifact, several preprocessing steps were conducted. Using a custom code written in MATAB (Mathworks, Natick, MA, USA; Noll et al., [@B31]), raw fMRI data were reconstructed offline. Physiological correction of time-series data was implemented in the image domain (Hu et al., [@B20]; Pfeuffer et al., [@B35]). This was done because cardiac cycle and respiration give rise to correlated spatial and temporal variance during task execution in fMRI experiments, hence contributing to residual noise and overall decreased statistical power. Removal of physiological confounds is especially important during resting-state acquisition since no overt task is being executed, otherwise presenting the complication of masking true functional connectivity signals or falsely giving rise to functional networks (Lund, [@B27]; Peltier et al., [@B33]).

Using FSL\'s MCFLIRT and SLICETIMER within the fMRI analysis package[^1^](#fn1){ref-type="fn"}, motion and slice timing were corrected for, respectively. Realigned images were used for the connectivity analysis, and movement was checked to assure that no more than 0.4 mm translational and 0.1° rotational movement occurred, thereby minimizing motion-induced spatial--temporal correlations. Using Statistical Parametric Mapping, version 2 (SPM2; Wellcome Trust Center for Neuroimaging[^2^](#fn2){ref-type="fn"}), each participant\'s T~1~-Overlay volume was co-registered to the time-series data; the T~1~-SPGR was then co-registered to the co-registered T~1~-overlay image. Spatial normalization to the Montreal Neurological Institute (MNI 152) template of the resulting co-registered T~1~-SPGR image was then performed using SPM2. The resulting normalization matrix was applied to the slice-time-corrected, physiologically corrected time-series data. These normalized $T_{2}^{\ast}$ time-series data were subsequently spatially smoothed with a 5-mm Gaussian kernel. The resulting $T_{2}^{\ast}$ images had 3 mm isotropic voxels.

Regions of interest
-------------------

The primary goal of this study was to examine relationships between the primary motor cortices in ALS and to identify the spectrum of changes that may be taking place. Normalized T~1~ high-resolution images were used to manually create precentral gyrus gray matter masks in both hemispheres for each participant (using the mean location of the hand knob area as an anatomical anchor). A group anatomical ROI mask was constructed for each hemisphere from voxels shared by ≥10 participants. The ROI group masks were parceled along both motor cortices into 41 and 40 individual 6 mm ROI cubes in the left and right hemisphere, thus allowing for connectivity analyses between localized anatomical regions. The motor cortex is a large structure that is somatotopically organized (Penfield and Boldrey, [@B34]). Therefore by segmenting this strip into small ROIs we have increased our sensitivity to delineating functional connectivity changes along this cortex, rather than obscuring what is known about the detailed somatotopic organization of M1 (by using large ROIs, for example; Craddock et al., [@B11]).

The ventral and dorsal-most ROI cube locations correspond to MNI coordinates (*x*, *y*, *z* in mm) −60.8, −5.7, 26.0: −13.6, −29.3, 74.1 and 65.3, 0.6, 19.7: 5.4, −29.3, 78.6 in the left and right hemispheres, respectively. Because precentral gyrus masks were created from shared voxels in the participant group, coordinate locations of left and right ventral/dorsal-most ROI cubes are not perfectly symmetrical. The average precentral gyri masks are shown in Figure [1](#F1){ref-type="fig"}.

![**Group average precentral gyrus masks in left and right hemispheres**.](fnsys-04-00158-g001){#F1}

M1 ROI coupling correlation analysis
------------------------------------

The $T_{2}^{\ast}$ time-series were detrended to remove slow drift. Additionally, the global volume intensity was regressed from the time-series. To remove any residual physiological nuisance, the global white matter and cerebral spinal fluid (CSF) temporal signals were sequentially regressed from the $T_{2}^{\ast}$ time-series. (Fox et al., [@B15]). Additionally, motion parameters were treated as nuisance and removed via regression. Mean time-series data were extracted from these ROIs and correlated with each cube in the opposite hemisphere, resulting in an *r*-coefficient correlation-gram for each individual. In order to examine global group differences, the *r*-coefficient correlation-grams by group were then compared using the two sample non-parametric Kolmogorov--Smirnov (K--S) goodness-of-fit test (Chakravarti et al., [@B9]). Because we expected a systemic change in the distribution of connectivity between the ALS and healthy control groups, the K--S test was well suited to evaluate our hypothesis. Correlation-grams were further evaluated by comparing only near-homologous and homologous-interhemispheric ROIs to assure that differences observed between groups were not due to off-diagonal correlations. In other words, ROI pair correlations that may correspond to non-homologous body regions, such as the foot and face, were removed from this second analysis. A mask was created to only include these homologous- and near-homologous ROIs, which is represented in Figure [2](#F2){ref-type="fig"}A. Two additional correlation-gram masks were created, which divided the homologous/near-homologous ROIs into ventral (Figure [2](#F2){ref-type="fig"}B) and dorsal regions (Figure [2](#F2){ref-type="fig"}C), in order to systemically examine somatotopic subdivisions. Specifically, the dorsal motor cortex is functionally localized to control limb and trunk regions, whereas the ventral cortex corresponds to face regions (Penfield and Boldrey, [@B34]). Correlation-grams per group were averaged and are presented in Figures [3](#F3){ref-type="fig"} and [4](#F4){ref-type="fig"}. Coordinates along the axes of this map represent ROIs in left and right hemispheres, moving from ventral to dorsal locations.

![**Masks applied to correlation-grams after initial analysis of all ROI pairs**. **(A)** diagonal-only mask; **(B)** ventral mask; **(C)** dorsal mask.](fnsys-04-00158-g002){#F2}

![**Correlation-gram displaying all ROI Pearson\'s ***r***-correlation coefficient means for the healthy control group**. Coordinates along the axes of this map represent ROIs in left and right hemispheres, moving from ventral to dorsal locations.](fnsys-04-00158-g003){#F3}

![**Correlation-gram displaying all ROI Pearson\'s ***r***-correlation coefficient means for the ALS patient group**. Coordinates along the axes of this map represent ROIs in left and right hemispheres, moving from ventral to dorsal locations.](fnsys-04-00158-g004){#F4}

Behavioral analysis
-------------------

To examine the possible brain--behavior relationship with limb functioning in the ALS group, behavioral test data were compared with resting-state functional connectivity. Linear regression tests between imaging and limb functioning data were separated into three different analyses based on the average functional connectivity correlation coefficients from (A) diagonal-only; (B) ventral--ventral; (C) and dorsal--dorsal ROI pairs (refer to Figure [2](#F2){ref-type="fig"}). Functional connectivity measures from these pairs were entered into each regression analysis as the dependent variable. In the ALSFRS-r, questions 4 and 8 pertain to upper and lower limb functioning. These questions assess the ability to write and walk, respectively. Therefore participant scores for these questions were entered into the regression analysis as independent variables. Total scores from the ALSFRS-r were not used because abilities other than limb functioning are measured in this questionnaire, such as breathing. Additionally, hand strength disparity was considered a factor of limb functioning and was entered as a third independent variable into the analysis. Hand strength disparity was calculated as the absolute value of strength difference between the right and left hands.

Bivariate correlation analyses were also conducted, using Pearson\'s correlation coefficient (two-tailed). In the healthy control group, hand strength disparity was correlated with (A) diagonal-only; (B) ventral--ventral; (C) and dorsal--dorsal ROI pairs. Hand strength disparity, months since onset, ALSFRS-r and CBS scores from the ALS group were entered into a separate correlation analysis. All behavioral analyses were conducted in SPSS, v.17.

Results
=======

Group physical and cognitive behavioral data
--------------------------------------------

Group averages for demographic data and behavioral measures are shown in Table [1](#T1){ref-type="table"}, and individual patient data are shown in Table [2](#T2){ref-type="table"}. According to the ALSFRS-r, the ALS participants as a group were relatively high functioning (mean = 39.23, SD = 5.06). All patients were ambulatory, as shown by ALSFRS-r question \#8 (mean = 2.95, SD = 0.88). In addition, ALSFRS-r question \#4 showed that all but one of the patients could use their hand to write (mean = 3.1, SD = 0.72). Only one patient reported that they were unable to write, which was due to weakness in their dominant right hand and the resulting ineffective adaptation of writing with the left hand.

Resting-state functional connectivity
-------------------------------------

Group comparisons of interhemispheric motor cortex BOLD signal *r*-coefficients, including all ROI pairs, resulted in highly significant K--S differences (*D*) between ALS and healthy participants (*D* = 0.19, *p* \< 7 × 10^−26^) with ALS being less connected overall than healthy controls (see Figures [3](#F3){ref-type="fig"} and [4](#F4){ref-type="fig"}). To control for more homologous correspondence, the K--S test was performed along the diagonal of the correlation-grams such that mainly homologous regions were included while those regions between which no functional connectivity was expected were excluded. That is, by only including the homologous- and near-homologous regions, we removed any potential for observed statistical difference being driven by negative correlations (Fox et al., [@B15]). The K--S difference was still found to be statistically significant (*D* = 0.14, *p* \< 9 × 10^−9^) and not driven solely by the off-diagonal components of the correlation-grams. Further, separating the gyri into ventral (first 20 ROI cubes) and dorsal (remaining ROI cubes) regions, a large effect was observed in the dorsal half (*D* = 0.23, *p* \< 3 × 10^−12^), corresponding to limb and trunk locations of the motor homunculus. The ventral half still showed a significant decrease in connectivity, but not to the same extent (*D* = 0.11, *p* \< 0.005).

Participant movement while scanning could potentially present confounded functional connectivity results, especially if one group moved more than the other. We tested this possible confound by running independent *post hoc* *t*-tests between groups on the standard deviations of the motion parameters. These results were null, *p* \> 0.05, indicating no differences in movement between the ALS and healthy control group.

Behavioral correlation results
------------------------------

The relationship between limb functioning and dorsal motor cortex connectivity in the ALS group was further examined in a regression analysis, with ALSFRS-r questions 4 and 8 and hand strength disparity as predictors of dorsal--dorsal M1 connectivity. This regression analysis was significant, *F*(3, 19) = 3.35, *p* = 0.045 (*R* = 0.62). In this model, hand strength disparity significantly predicted dorsal ROI connectivity, *t*(19) = −2.22, *p* = 0.04, and question 4 reached near significance, *t*(19) = 1.81, *p* = 0.08. Hand strength disparity and question 4 also significantly correlated with dorsal--dorsal M1 connectivity,*r* = −0.51, *p* = 0.01 and *r* = 0.44, *p* = 0.03, respectively. Question 8 was insignificant in this model, *t*(19) = 0.44, *p* = 0.67; *r* = −0.13,*p* = 0.29. Both remaining regression analyses conducted examining diagonal-diagonal and ventral--ventral M1 connectivity in the ALS patients yielded null results. The healthy control group did not show a significant correlation with hand strength disparity and functional connectivity for any of the three analyses: (A) diagonal--diagonal; (B) ventral--ventral; and (C) dorsal--dorsal pairs. Figure [5](#F5){ref-type="fig"} depicts the relationship between dorsal ROI connectivity and hand strength disparity for both ALS and healthy control groups.

![**Scatter-plot showing the correlation between average dorsal ROI interhemispheric connectivity per individual and hand strength disparity, across groups**. Only results from the ALS group are significantly (inversely) correlated.](fnsys-04-00158-g005){#F5}

Hand strength disparity did not significantly correlate with months since onset, ALSFRS-r or CBS scores in the ALS group. Additionally, ALSFRS-r and CBS scores did not correlate. There was a trend toward significance between months since onset and ALSFRS-r scores (*r* = 0.41, *p* = 0.07) and an even stronger trend between months since onset and CBS scores (*r* = 0.62, *p* = 0.058).

Discussion
==========

General discussion
------------------

The current study provides new evidence for M1 network impairment in ALS, importantly showing for the first time an interhemispheric disconnect. We observed a decrease in overall functional connectivity between parceled motor cortices in the ALS group, as shown by less correlated resting-state low frequency BOLD signal fluctuations across hemispheres. Importantly, this decrease was seen within the first 24 months of ALS symptoms while patients were still in the early disease stage. Additionally, a pronounced difference was observed between groups in the dorsal half of the motor cortex -- the half that corresponds to limb and trunk body regions of the homunculus. Dorsal M1 connectivity in the ALS group correlated with limb functioning, suggesting a brain--behavior relationship between these measures. It was found that the greater the disparity between right and left hand strength, the less functionally connected ROIs were in the dorsal motor cortex. This effect was not found in the healthy control group. Also, increased connectivity in the dorsal motor cortex was associated with better handwriting ability in those with ALS.

Results from the current study corroborate converging lines of evidence that intrinsic M1 functioning is altered in ALS. In a PET study, regional cerebral blood flow (rCBF) in M1 was reduced at rest in ALS patients compared to healthy participants. However, this reduction was not observed in lower motor neuron disease patients, implying upper motor neuron dysfunction in M1 (Kew et al., [@B21]). In an fMRI study, decreased blood oxygenated level dependent (BOLD) signal activity was found in contralateral M1 of ALS patients while performing a continuous unimanual button-pressing task (Schoenfeld et al., [@B36]). In this particular study task difficulty effects were observed, and the authors suggested that decreased motor neurons in M1 contribute to sequential movement impairments. The present study provides new evidence for primary motor cortex changes between right and left cortices, importantly showing for the first time an interhemispheric disconnect (as shown by seed-based fcMRI) that is present even when participants were not performing a motor task.

Decreased interhemispheric connectivity in the primary motor cortex is consistent with recent findings from diffusion tensor imaging (DTI) work as well. For example, several studies have examined microstructural integrity within the corpus callosum, which include interhemispheric M1 projections. Reduced fractional anisotropy (FA), a measure of white matter microstructure, was found within the corpus callosum in ALS patients (Senda et al., [@B38]; Metwalli et al., [@B28]). These studies suggest that interhemispheric structural connectivity is compromised in those with ALS. In addition, Bartels et al. ([@B2]) found that FA values in the corpus callosum correlated with behavioral measurements, specifically with the Contralateral Co-Movement Test, in patients with ALS.

The only ALS resting-state fcMRI study to date demonstrated reduced functional connections between the premotor cortex and other sensorimotor regions during rest (Mohammadi et al., [@B29]). This may indicate that the sensorimotor network is becoming disconnected in ALS. Additionally, reduced functional connectivity was found in the prefrontal cortex, posterior/ventral-anterior areas of the cingulate cortex, and bilateral inferior parietal cortices, hence demonstrating decreased functional connectivity between core regions of the default mode network. Therefore, it is possible that regional increases in BOLD activity are related to neural-network breakdown in ALS.

There is a clinical need to establish biomarkers for those who will become diagnosed with ALS, and neuroimaging methodology may be well suited to identify these biomarkers (Agosta et al., [@B1]). This is important given the pronounced duration that occurs between symptom onset and diagnosis; for some people diagnosis is not established until years after symptoms present (Kraemer et al., [@B23]). This is especially true for those with limb onset, as symptoms often mimic other diseases (Leigh et al., [@B25]). Currently, the only reliable measurement used to diagnosis ALS is when a patient demonstrates progressive upper and lower motor neuron involvement (Turner et al., [@B42]). Results from the current study indicate that cortical neural changes are taking place in the early stages of ALS while patients are still highly functioning. Also, these changes are primarily occurring in the cortical regions that correspond to limb movement. Results from this study may be clinically relevant as a biomarker for limb-onset patients who have "suspected" or "probable" ALS. Identifying biomarkers specific to ALS will help increase the accuracy of diagnosis, decrease the duration between symptoms and diagnosis, and most importantly allow for initiation of early treatment (Turner et al., [@B42]; Ganesalingam and Bowser, [@B16]).

Limitations and future directions
---------------------------------

An important limitation in the current study is the lack of causal interpretation from our results. For example, this study emphasizes that interhemispheric M1 connectivity breakdown is more pronounced in the dorsal than ventral half between groups. Although the dorsal half corresponds to limb and trunk motor functioning, we cannot directly explain this relationship with the present findings. This is partially because it cannot be discerned whether our results reflect upper or lower motor neuron atrophy. Specifically, atrophy in lower motor neurons could give rise to M1 neural changes due to the decrease in afferent signals being received by M1. It could also be speculated that this area is more susceptible to the ALS disease process, or that it is an initial target of neurodegeneration. Another interpretation limitation is that we cannot differentiate whether these results are ALS-specific, or reflective of motor neuron disease processes in general. For example, neural atrophy has been identified in the primary motor cortex of patients with primary lateral sclerosis (Tartaglia et al., [@B40]), which may also give rise to functional connectivity changes. However, this hypothesis has yet to be tested and was beyond the scope of this current investigation. The specificity between motor neuron diseases will need to be further tested.

Context of using resting-state fcMRI must also be considered. It is assumed that temporally correlated signal fluctuations in brain regions imply functional connectivity. Therefore the interpretation that connections between right and left M1 are decreasing in ALS is based on this assumption. Furthermore, it is not known if this decrease in connectivity implies an axonal pathway impairment or gray matter loss within M1. Integrating other methods, such as DTI, would increase the effectiveness of addressing how the ALS disease process affects cortical networks.

Longitudinal methods are needed in order to clarify functional connectivity alterations in ALS. Results from the current study were from a single time point in the early stage of disease, yet it is suggested that these changes are progressive. Therefore we anticipate comparing results with data collected at subsequent sessions within the same participant group.

A fourth limitation is that the present results are only representative of ALS patients with limb-onset. There are both advantages and disadvantages to assessing neural changes in a homogenous patient group. This is advantageous in that disease processes specific to limb-onset ALS may be better described due to reduced variance by exclusion of a heterogeneous population. Also, a homogenous group increases our ability to control for any potential differences in disease progression between limb and bulbar onset patients. Through redefinition of inclusion criteria however, such as disease subtypes or individual behavioral symptoms, results may become more generalized to all disease processes. It could be potentially helpful for future studies to compare subtypes to disentangle pathological differences.

Conclusions
-----------

Results from the current study indicate that functional connections between the two primary motor cortices are decreased in ALS, and that this disconnect between hemispheres may be more specific to dorsal versus ventral M1. Dorsal M1 interhemispheric connectivity was related to metrics of upper limb functioning, specifically handwriting, and hand strength disparity. These brain--behavior correlations may have important clinical applications. Furthermore, neuroimaging methodology may be utilized for those with "possible" or "suspected" ALS by identifying reliable neural biomarkers.
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